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Value of sildenafil treatment for the prevention of
vasospasm-related delayed ischemic neurological
deficits and delayed brain infarction following
aneurysmal subarachnoid hemorrhage

KONSTANTINOS FAROPOULOS', VASILIKI TSOLAKI?, VASILIKI EPAMEINONDAS GEORGAKOPOULOU?,
ILIAS TRAKAS®, KYRIAKOS TARANTINOS*, PETROS PAPALEXIS’®, DEMETRIOS A. SPANDIDOS’,
AIKATERINI ARAVANTINOU-FATOROU®, NIKOLAOS MATHIOUDAKIS®, NIKOLAOS TRAKAS',
ELEFTHERIOS LAVDAS'! and GEORGE FOTAKOPOULOS'?

1Department of Neurosurgery, Nicosia General Hospital, 2029 Nicosia, Cyprus; 2Depar‘[ment of Pulmonary and Critical

Care Medicine, General University Hospital of Larissa, 41221 Larissa; 3Department of Infectious Diseases-COVID19 Unit,

Laiko General Hospital, 11527 Athens; “First Department of Pulmonology, Sismanogleio Hospital, 15126 Athens;

SUnit of Endocrinology, First Department of Internal Medicine, Laiko General Hospital, National and Kapodistrian

University of Athens, 11527 Athens; 6Department of Biomedical Sciences, University of West Attica,
12243 Athens; 7Laboratory of Clinical Virology, School of Medicine, University of Crete, 71003 Heraklion;
8First Department of Internal Medicine, Laiko General Hospital, Medical School, National and Kapodistrian

University of Athens; “Renal Transplantation Unit, Laiko General Hospital, 11527 Athens;
10Depa.rtment of Biochemistry, Sismanogleio Hospital, 15126 Athens; 11Department of Medical

Radiological Technologists, Technological Education Institute of Athens, 12243 Athens;

12Department of Neurosurgery, General University Hospital of Larissa, 41221 Larissa, Greece

Received October 23,2022; Accepted March 14,2023

DOI: 10.3892/mi.2023.79

Abstract. Cerebral vasospasm (CV) or delayed cerebral isch-
emia (DCI) constitutes the main reason for the unfavorable
outcomes of patients with aneurysmal subarachnoid hemor-
rhage (aSAH). The present retrospective cohort study, through
an evaluation with computed tomography (CT) perfusion
(CTP), aimed to examine the utility of an intravenous or oral
administration of sildenafil in preventing DCI that develops
due to vasospasm in these patients. A retrospective cohort
study was conducted, which included 34 patients in a tertiary
care hospital. Of these patients, 18 were males (52.9%), and
the median age was 54.4 years. Of these patients, 18 (52.9%)
had undergone surgery, and 16 (47.1%) had an endovascular
procedure. CTP was performed on the 3rd to the 6th day. The
clinical outcome was documented at 30 days using a CT scan
and a complete neurological evaluation, including the Glasgow
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Coma Scale assessment. There was a statistically significant
difference in the number of patients who developed an ischemic
event at 1 month between those who did not receive sildenafil
compared to those who received sildenafil (P<0.05). In addi-
tion, the multivariate analysis revealed that cerebral blood flow
was an independent factor for detecting an ischemic event in
1 month (P=0.001). On the whole, the findings of the present
study indicate that the intravenous or oral administration of
sildenafil may be beneficial for the prevention of DCI.

Introduction

Cerebral vasospasm (CV) or delayed cerebral ischemia (DCI)
occurs in 30-40% of patients with aneurysmal subarachnoid
hemorrhage (aSAH) (1). However, despite the use of various
therapeutic procedures, 16-65% of these patients develop
ischemia (1-4).

The identification of CV (clinically or with angiography) in
the early stages of SAH can be complex and challenging (2,3).
Although 40-70% of patients exhibit substantial arterial
narrowing (on a Doppler ultrasound or in angiography),
only 20-30% of these patients present with DCI (2,3).
Intra-arterial digital subtraction angiography (DSA) is effec-
tive as a screening device for patients whose symptoms and
clinical findings are consistent with focal cerebral ischemia
(CI) (5). However, when analyzing the global vasculature with
DSA, the detailed delineation of the calf vessels may not be
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accomplished when several stenoses are present and consti-
tute an invasive method. Computed tomography (CT) can
illustrate the extent to which tissue is irreversibly damaged
(the ischemic core) (6-8), and it indicates that reperfusion
therapy may not be necessary or may even be harmful when
the ischemic core is large or the perfusion is damaged to a
great extent (9,10). By contrast, CT perfusion (CTP) can iden-
tify damages not recognized by other methods and may be
beneficial for assessing CI related to SAH (11). CTP can be
used in daily practice or it can be used as a separate diagnostic
tool without the need for magnetic resonance imaging data to
predict the outcomes of patients with SAH (12,13). Various
devices are employed to enhance cerebral blood flow (CBF)
in patients with SAH who develop CV or DCI. For example,
intra-aortic balloon counterpulsation, hyperdynamic therapy,
intra-arterial and intrathecal drug infusion, as well as novel
experimental techniques, such as endovascular treatment and
various drugs or their combinations, may be helpful if treat-
ment commences early. However, in the case that a CV does
not appear or treatment begins too late, CI may occur even
with optimal management (14). Phosphodiesterase-V (PDE-V)
is a regulatory enzyme of the endothelial nitric oxide synthase
(eNOS)/nitric oxide (NO)/cyclic guanosine monophosphate
(cGMP) pathway (15,16). The inhibition of this pathway
mainly through sildenafil (a PDE-V inhibitor) in patients with
vasospasm due to spontaneous SAH has been found to improve
flow velocity on a transcranial Doppler (17). At the same time,
animal and patient studies have revealed reduced blood levels
of endothelin-1 (18-21). In addition, studies on patients with
cardiovascular diseases have proven that sildenafil is safe to
administer (22-24). However, to date, to the best of our knowl-
edge, no extensive data are available to confirm the positive
effects of sildenafil in patients with vasospasm due to SAH
from a ruptured aneurysm.

In this respect, the present retrospective cohort study was
performed evaluate the utility of sildenafil following its intra-
venous or oral administration in preventing DCI that develops
due to vasospasm in patients with aSAH.

Patients and methods

Study design and patient population. The present retrospective
cohort study analyzed patients diagnosed with spontaneous
SAH/aSAH (34 of the 42 patients were diagnosed with spon-
taneous SAH/aSAH). The Institutional Review Board (IRB)
of Nicosia General Hospital, Cyprus approved the study (IRB
no. EEBK EII 2021.02.158). The study was in line with the
Declaration of Helsinki in 1995 (as revised in Edinburgh
2000). Written informed was obtained from all patients for
publication of their data.

Inclusion criteria. The inclusion criteria were the following:
An age =21 years, surgical or endovascular repair of the
ruptured aneurysm, a Modified Fisher grade of I to IV hemor-
rhage on initial CT imaging, and evidence of CI on CTP. The
patients were divided into two groups, namely group A, which
included patients treated with only intravenous nimodipine,
and group B, which included those who received intravenous
nimodipine together with sildenafil using a dose escalation
scheme (high dose of 20 mg or bioequivalent to a 40 mg oral

[ 42 Patients with aSAH from September 2019 to May 2021 ]

Exclusion criteria

-History of atrial fibrillation or other arrhythmias,

-Diabetes mellitus

-(Hyperlipidemiaand hypotension) or with factors predisposed to bleeding
(anticoagulant agents and severe liver impairment) and those who take
other vasodilators agents for a long time

-SAH secondary to traumatic or mycotic aneurysm

-Preictal sildenafil therapy

Inclusion criteria

-Age >21 years

-Surgical or endovascular repair of the ruptured aneurysm
Modified Fisher Grade | to IV hemorrhage on initial CT imaging
-Focal cerebral ischemia (Cl) on CTPerfusion

[ 34 Patients were included ]

Group A
17 Patients

Group B
17 Patients

(intravenous
nimodipine)

(intravenous
nimodipine+oral
sildenafil)

Figure 1. Flow chart of the study design and patient inclusion.

dose). All individuals received nimodipine at 60 mg every 4 h
with close monitoring (including patients' heartbeat, breathing
rate, temperature, oxygen saturation and blood pressure) for
21 days. These groups were identified based on age, sex,
CT findings, Glasgow Coma Scale (GCS) during intubation
and neurosurgical intervention as factors influencing patient
outcomes.

Exclusion criteria. Patients were excluded if they exhibited
factors predisposed to CI, apart from vasospasm (i.e., those
with a history of atrial fibrillation or other arrhythmias,
diabetes mellitus, hyperlipidemia and hypotension) or if they
exhibited factors predisposed to bleeding (anticoagulant
agents and severe liver impairment) and those who were
taking any other vasodilators agents for a long period of time,
SAH secondary to traumatic or mycotic aneurysm and preictal
sildenafil therapy (Fig. 1). All participants had a follow-up
for 30 days or until the day of discharge from the hospital.
Patient outcomes were evaluated at 30 days using a CT scan,
and a complete neurological examination and a GCS assess-
ment were performed. The clinical outcome was categorized
according to the presence of neurological or radiological
evidence as normal, adverse or mortality.

Radiological CV or CI assessment. During the 3rd to the
6th day following the SAH, CTP was performed in all
the participants to identify a quantifiable index of CI after
CV, given that angiographically detectable cerebral artery
constriction is most commonly present 3-10 days after the
onset of the condition. The cerebral blood volume (CBV) and
CBF values were documented and assessed after receiving
two contiguous 10-mm slices placed at the anatomical point
of the basal ganglia with similar angulation as for native CT.
A bolus of 50 ml non-ionic contrast medium (Imeron 400,
Bracco Imaging Deutschland GmbH) accompanied by 30 ml
saline was then infused using a power injector at a flow rate
of 4 ml/sec. Subsequently, 40 captures were obtained at each
slice level at a rate of two images per second (120 kV, 110 mAs,
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Table I. Baseline characteristics of the patients included in the present study.

All patients, Group A, Group B,
Parameters n=34 (100%) n=17 (50%) n=17 (50%) P-value
Age, years 54.4+18 56.0+16 52.8+20 0.679
Sex (male), n (%) 18 (52.9) 10 (29.4) 8 (23.5) 0.170
GCS at admission 13.14£2 12.6+£2 13.7+1 0.201
Procedure, n (%)
Surgical 18 (52.9) 10 (29.4) 8 (23.5) 0.492
Endovascular 16 (47.1) 7 (20.5) 9(26.4)
MAP
% Reduction from baseline 7.4+7 6.7£7 8.2+8 0.742
Duration, min 7.7£11 6.0=10 9.4+13 0.440
Hunt and Hess grade, n (%)
I 8 (23.5) 3 (8.8) 5(14.7) 0.419
I 15 (44.1) 4(11.7) 11 (32.3) 0.016
1| 7(20.5) 6 (17.6) 1(29) 0.034
v 3(8.8) 3(8.8) 0 0.070
A% 129 1(2.9) 0 (0) 0.310
Modified Fisher grade, n (%)
I 8(23.5) 3(8.8) 5(14.7) 0.419
11 16 (47.0) 5(14.7) 11 (32.3) 0.039
111 7 (20.5) 6 (17.6) 1(2.9) 0.034
v 3 (8.8) 3 (8.8) 0 (0) 0.070
Aneurysm location, n (%)
ACoA 6 (17.6) 3 (8.8) 3(8.8) NS
MCA 12 (35.2) 4 (11.7) 8 (23.5) 0.151
PICA 2 (5.8) 1(2.9) 1(2.9) NS
Pcom 514.7) 3 (8.8) 2 (5.8) 0.628
ICA 9(26.4) 6 (17.6) 3 (8.8) 0.244
CT perfusion (white matter) parameters
CBFmean £ SD (ml;,,¢/100 gcue) 19.4+11 24.0+7 14.7+12 0.011
CBVmean + SD (mly;,,¢/100 ge0e) 1.4+1 1.6+0. 1.2+1 0.042
MMTmean + SD () 43+1.5 4.6x1 3.9+1 0.055

GCS, Glasgow coma scale; MAP, mean arterial pressure; ACoA, anterior communicate artery; MCA, middle cerebral artery; PICA, posterior
inferior cerebral artery; Pcom, posterior communicating artery; ICA, internal carotid artery; CT, computed tomography; MMTmean, mean
value of mean transit time; CBVmean, mean value of cerebral blood volume; CBFmean, mean value of cerebral blood flow; NS, not significant.

512x512 matrix). CTP color maps were qualitatively assessed
using a visual grading scale, and CTP parameters were estab-
lished utilizing software platforms (Perfusion CT, Siemens).
A positive visual measurement was recorded for side-to-side
apparent bilateral abnormalities, suggesting a decline in CBF,
CBV and mean transit time (MTT), which were related to
the central volume principle: CBF=CBV/MTT (2,25). CBV
was determined in milliliters of blood per 100 g of the brain
and was established as the volume of blood flow for a certain
amount of brain tissue (2,26). MTT was determined as the
average time required for blood to move through a particular
brain volume and was calculated in seconds (2).

Statistical analysis. Statistical analyses were performed using
the Statistical Package for the Social Sciences (SPSS 11;

SPSS, Inc.). The normality of the distribution of variables was
assessed using the Shapiro-Wilk test. Categorical variables
were compared between groups using Fisher's exact test and
continuous data were compared with the Mann-Whitney U
test. Receiver operating characteristic (ROC) analysis was
presented to reveal the implementation of TCD or CTP indica-
tors in recognition of unfavorable outcomes. A P-value <0.05
was considered to indicate a statistically significant difference.

Results

In total, 34 of the 42 patients diagnosed with spontaneous
SAH/aSAH were enrolled in the present study. A total of
17 patients were included in group A and 17 patients were
included in group B. Of the 34 patients included, 18 were
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Table II. Univariate analysis (outcome, ischemic event at 1 month).

Patients with ischemic

Patients without ischemic

Parameter event, n=14 (41.1%) event, n=20 (58.9%) P-value
Groups, n (%)
Group A 14 (41.1) 3(8.8) 0.001
Group B 0 (0) 17 (50) 0.001
Age, years 58.1£15 51.8+20 0.336
Sex (male), n(%) 10 (29.4) 8 (23.5) 0.161
GCS at admission 12.1x£2 13.9+1 0.011
Procedure, n (%)
Surgical 10 (29.4) 8 (23.5) 0.071
Endovascular 4 (11.7) 12 (35.2)
MAP
% Reduction from baseline 4.7+3 9.4+8 0.388
Duration, min 3.1+4 11.0+14 0.181
Hunt and Hess grade, n (%)
I 1(2.9) 7(20.5) 0.059
II 3(8.8) 12 (35.2) 0.026
I 6 (17.6) 1(2.9) 0.007
v 3(8.8) 0(0) 0.030
A" 12.9) 0 (0) 0.225
Modified Fisher grade, n (%)
I 12.9) 7(20.5) 0.059
II 4 (11.7) 12 (35.2) 0.071
I 6 (17.6) 12.9) 0.007
v 3(8.8) 0 (0) 0.030
Aneurysm location
ACoA 3(8.8) 3(8.8) 0.628
MCA 2(5.8) 10 (29.4) 0.032
PICA 12.9) 12.9) 0.794
Pcom 2(5.8) 3(8.8) 0.954
ICA 6 (17.6) 3(8.8) 0.070
CT perfusion (white matter) parameters
CBFmean + SD (ml,;,,/ 100 gicce) 26.6+4 14.3x11 0.001
CBVmean + SD (mly;,,/100 gs0e) 1.8+0. 1.1x1 0.005
MMTmean+ SD (,,.) 4.9+1 3.8+1 0.001

GCS, Glasgow coma scale; MAP, mean arterial pressure; ACoA, anterior communicate artery; MCA, middle cerebral artery; PICA, posterior
inferior cerebral artery; Pcom, posterior communicating artery; ICA, internal carotid artery; CT, computed tomography; MMTmean, mean

value of mean transit time; CBVmean, mean value of cerebral blood volume; CBFmean, mean value of cerebral blood flow.

males (52.9%), and the median age was 54.4 years. Of these
patients, 18 (52.9%) had undergone surgery, and 16 (47.1%) had
an endovascular procedure. The baseline characteristics of the
study participants and CTP data are presented in Table 1. All
patients had a regular follow-up for 1 month.

Univariate analysis revealed that there was a statisti-
cally significant difference in the mean values of CBF,
CBV and MTT between the participants who developed
adverse ischemic events and between those who did not
develop adverse ischemic events (P<0.05, Table II).
Overall, there was a statistically significant difference in
the number of patients who developed an ischemic event

at 1 month in group B compared with those of group A
(P<0.05, Table II).

Multivariate analysis (Table III) revealed that CBF was an
independent factor in detecting an ischemic event at 1 month
(P=0.004). ROC analysis demonstrated that, among the CTP
variables, a CBF value <18.35 m1/100 g/min with 92.9% sensi-
tivity and 80% specificity and an MTT value >3.7 sec with
85.7% sensitivity and 80% specificity exhibited the optimal
performance to diagnose adverse ischemic events at 1 month,
as evaluated by an area under the curve standard error [AUC
(SE)] of [0.83 (0.07)] and [0.82 (0.07)] (P=0.001, respectively;
Table IV and Figs. 2-4).



MEDICINE INTERNATIONAL 3: 19, 2023 5

Table III. Multivariate analysis (outcome, ischemic event at 1 month).

95% CI for Exp(B)
Parameter P-value Exp(B) Lower Upper
CBFmean + SD (ml, .,/ 100 Zgiceue) 0.004 1.395 1.109 1.754
CBVmean = SD (ml,;,,,/100 g;..e) 0.028 0.079 0.008 0.758
MMTmean + SD () 0.125 2479 0.778 7.900

MMTmean, mean value of mean transit time; CBVmean, mean value of cerebral blood volume; CBFmean, mean value of cerebral blood flow;

SD, standard deviation; CI, confidence interval.
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Figure 2. ROC curve for CBF predicting an ischemic event at 1 month. AUC,
0.836. AUC, area under the curve; CBF, cerebral blood flow; ROC, receiver
operative characteristic.

Discussion

The results of the present study suggest that using sildenafil,
intravenously or by oral administration may be helpful for the
prevention of DCI that develops due to vasospasm in patients
with SAH following an aneurysm rupture. In addition, CTP,
obtainable in everyday practice, provides valuable details
regarding SAH-associated CV. Certainly, CTP, mainly CBF
and MTT, can identify patients who have developed delayed
unfavorable ischemic incidents. Thus, sildenafil constitutes a
very promising therapy for the management of SAH. DSA is
the gold standard for identifying CV and different cerebrovas-
cular entities (2,27,28). However, the fact that the procedure
is invasive and the radiation exposure require careful patient
selection and preclude widespread use (29). Therefore, CTP is
currently the most commonly used and studied imaging tech-
nique (2,28). A range of cut-off values associated with DCI
have been mentioned, counting an MTT value >5.0-6.4 sec or
a local CBF value <25-40 ml/100 g/min (2,30). In the present
study, a CBF value <18.35 ml/100 g/min with 92.9% sensitivity
and 80% specificity, and an MTT value >3.7 sec with 85.7%

ROC Curve
1.0
0.8 1
> 0.6 1
= CBV
¥ AUC:0.782
3
0.4 1
0.2 1
0.0 T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity

Figure 3. ROC curve for CBV predicting an ischemic event at 1 month.
AUC, 0.782. AUC, area under the curve; CBV, cerebral blood volume; ROC,
receiver operative characteristic.

sensitivity and 80% specificity exhibited the optimal perfor-
mance in diagnosing adverse ischemic events at 1 month, as
evaluated using an AUC (SE). The present study examined
two groups of patients, depending on sildenafil therapy uptake.
At a 1-month follow-up, patients in group B (treated with a
combination of nimodipine and sildenafil) exhibited clinical
outcomes without ischemic damage in CTP. By contrast, the
patients in group A (treated only with nimodipine) exhibited
unfavorable clinical outcomes with ischemic damage in CTP.

Vasospasm following aSAH is a multifactored mechanism
and the standard of choice is the mainstay for preventing
calcium channel blocker nimodipine (31-34). Furthermore,
previous studies have indicated that not only angiographic
vasospasm, but also a disrupted microcirculation due to
microvascular constriction, micro-thrombosis, impaired auto-
regulation, cortical spreading ischemia and blood-brain barrier
disruption may contribute to the development of DCI (35,36).
However, therapeutic strategies for vasospasm, refractory to
endovascular or microsurgical intervention are still under
investigation. Although it has been demonstrated that micro-
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Table I'V. ROC analysis.

95% CI
Parameters Area Std Error Lower Upper P-value
CBFmean + SD (ml, .,/ 100 giceue) 0.836 0.077 0.684 0.988 0.001
CBVmean £S D (ml,,o/100 ggicue) 0.782 0.089 0.608 0.957 0.006
MMTmean + SD () 0.829 0.079 0.673 0.984 0.001

CBF, cerebral blood flow; CBYV, cerebral blood volume; MTT, mean transit time; PI, pulsatility index; PSV, peak systolic velocity; SD, standard

deviation; CI, confidence interval; Std Error, standard error.
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Figure 4. ROC curve for MTT predicting an ischemic event at | month. AUC,
0.829. AUC, area under the curve; MTT, mean transit time; ROC, receiver
operative characteristic.

surgical treatment may be helpful for vasospasms (37), others
have justified the effects of endovascular intervention as
rescue therapy for severe vasospasm on the clinical, as well
as the radiological outcomes of patients with aSAH (38). For
this reason, the present study was designed using, as a control
group, those patients that were treated with the mainstay of
prevention, namely the calcium channel blocker, nimodipine,
to avoid bias. In addition, it was better to include both endovas-
cular and microsurgical management as the results may would
be more clear and more related to the reality.

According to certain studies, sildenafil can cause unac-
ceptable hypotension in the patient population with aSAH,
and may thus be associated with unfavorable clinical
outcomes (38-40). However, the present study demonstrated
that the blood pressure profile was acceptable at a dose of
20 mg without evidence of a prolonged adverse effect or
any statistically significant difference between groups
(Tables I and II). In addition, while there was a 7.4% mean
reduction in mean arterial pressure from baseline levels, this
was transient, lasting an average of 6.0 min until it returned
to baseline levels. The literature has well documented that

the upregulation of the eNOS/NO/cGMP pathway, a compo-
nent of the development of SAH-induced CV, can improve
the clinical outcomes and DCI (41-46). Thus, researchers
have administered PDEV inhibitors, such as sildenafil to
inhibit SAH-induced DCI. Theoretically, the mechanism
through which sildenafil, as a PDE-V inhibitor, utilizes its
positive vascular results has been in its capacity to increase
intracellular cGMP levels in vascular smooth muscle cells
and regulate vascular tone (47). In addition, when CBF to a
region reduces to ischemic levels, sildenafil, similar to other
orally active PDES inhibitors, such as vardenafil, has exhib-
ited the capability to decrease the extent of the infarct and
promote recovery by supporting the vasculature in hypoxic
areas (48,49). The findings of the present study demonstrate
that sildenafil may ‘reverse’ CV and the development of CI.

However, the present study has certain limitations. First, it
was a small, single-center study. Therefore, firm conclusions
regarding the role of sildenafil in the management of SAH
cannot be reached. In addition, as vasospasm following aSAH
is a multifactorial mechanism, its role as a rescue therapy
for vasospasm, refractory to endovascular or microsurgical
intervention is not yet clear. Thus the present study did not
distinguish the causes of DCI as it would be impossible, and
for this reason, the present study was designed, using as a
control group, those patients that were treated with the main-
stay of prevention, namely with the calcium channel blocker,
nimodipine, to avoid bias. In addition, in the present study, there
were a few patients with Hunt and Hess grade IV or V; thus,
the development of CV may not have been severe. However,
this may be a basis for a future, more extensive clinical studies.

In conclusion, the present study demonstrates that the
use of intravenous or oral sildenafil may be helpful for the
prevention of DCI that develops due to vasospasm in patients
with aSAH. In addition, CTP, mainly CBF and MTT, obtain-
able in everyday practice, provides valuable details regarding
SAH-associated CV. This sequence, along with the evidence
of preclinical data in SAH studies and the favorable effects of
sildenafil in the treatment of other entities related to vascular
endothelium dysfunction, provides a strong justification for
more extensive prospective clinical investigations into its
efficacy for the prevention of SAH-related DCI.
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